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Introduction
The oxidation of metals is a natural occurring process that affects their stability. Such oxidation can either form a protective layer at high temperatures, which may result in corrosion resistance, or alternatively cause the environmental failure [1, 2] . The latter is particularly of concern when the metal size shrinks to the nanoscale, i.e., nanoparticles (NPs). Cobalt (Co) is no exception. Co NPs are usually applied in hydrogenation reactions, magnetic data storage, and biotechnology [3] [4] [5] [6] . An oxidized form of Co NPs, Co 3 O 4 , has shown potential as cathode materials in lithium ion batteries, gas sensors, and catalysis [7, 8] Uchiyama et al. [18] reported that the change in morphology correlated well with the catalytic activity of supported Au NPs on CeO 2 . Yuan et al. [19] studied the stress-induced surface reconstruction of anatase 
Methods
Co NPs were used as received (Sigma-Aldrich, USA). They were dispersed in ethanol before being loaded onto a molybdenum TEM grid. As shown in Fig. S1 (online), sample pre-checking via a TEM (Tecnai G2 F20 S-twin, FEI, Netherland) confirmed that the Co NPs were approximately 5-50 nm in diameter, with a spherical morphology and face-centered cubic (fcc) structure. Covering of about 2-nm-thick graphite layer coated the pristine metal NPs and no oxide phase was observed. In situ experiments were performed inside an ETEM (H-9500, Hitachi, Japan) equipped with a side-entry heating and gas-injection holder. The microscope was operated at an accelerating voltage of 300 kV. The partial pressure of oxygen was stabilized at 2×10 -2 Pa for experiments. Oxidized products were also characterized in-depth via a Cs-corrected TEM (Titan Chemi-Stem, FEI, Netherland) with super energy-dispersive X-ray spectroscopy (EDS), which was operated at an accelerating voltage of 200 kV.
Results and discussion
Time-sequenced TEM images in Fig. 1 show a typical oxidation process of a spherical Co NP, which has a diameter of approximately 17 nm, and a thin graphite coating layer. In the first stage, the sample was The CoO islands further developed into a continuous layer covering the entire metal surface, thus forming a core-shell structure. The metallic Co core became smaller as serving as the metal source for oxidation, until fully sacrificed. The oxide shell became increasingly thicker, as shown in Fig. 1d , e.
Small cavities/voids were observed around the Co/oxide interface, as shown in Figs. 1e and S3 (online).
These were a result of the Kinkendall effect, which will be discussed later. Finally, the Co NP was fully oxidized to a hollow structure, as shown in The parabolic equation for oxidation can be expressed as x 2 =2k p t, in which x is the oxide layer thickness at time t, and k p is the oxidation rate constant [29] . The rearranged form of this equation, The plotted graph for oxidation rate constant to electron beam intensity is shown in Fig. 3 . It is clear that a higher electron beam intensity resulted in a higher oxidation rate constant, giving Co NPs were oxidized more rapidly when irradiated by a higher-intensity electron beam. Experiments were also carried out to investigate the influence of particle size on the oxidation of Co NPs. The results are shown in Figs. S5 and S6 (online). We demonstrated that the oxidation of Co NPs with different diameters all followed parabolic rate laws, while there was a tendency that smaller sized Co NPs had higher oxidation rate constants. This may have been due to the cause that smaller sized NPs possessed higher surface energy, so they would have performed more active upon oxidation. Higher the electron beam intensity, higher the oxidation rate constant.
The above oxidations were all carried out under both thermal heating (at 300 °C) and electron beam excitation. When we conducted the experiments at room temperature while setting the electron intensity at 1.2 A/cm 2 and O 2 partial pressure at 2×10 -2 Pa (the same as previous cases), the formation of cobalt oxides with a core-shell structure and hollow structure (cavity) were also observed, as shown in Fig.4 with the time sequential TEM images. It evidenced that electron beam irradiation could trigger the oxidation of Co NPs in the absence of thermal activation. Estimates of the oxidation dynamics confirmed that the electron beam-induced oxidation followed the parabolic behavior. As shown in Fig. 4e Fig. 2 , which was oxidized under both thermal heating (300 °C) and electron irradiation (1.2 A/cm 2 ), it was concluded that without thermal heating, the oxidation proceeded with a much slower reaction rate. We think that the thermal heating significantly promoted the diffusion of atoms (i.e., Co), which thus significantly increased the oxidation rate. creating local vacancy defects through the knock-on process [30, 31] , thus providing channels for the migration and diffusion of Co and oxygen. As such, outward migrated Co atoms would then have been exposed to oxygen and thus been oxidized, as shown in Fig. 1 . It was also an evidence that the graphite layer functioned as a good sealing layer to prevent the penetration of metal atoms [32] . (2) The electron beam may have enhanced the diffusion of Co also through the knock-on effect [30] , thus promoting oxidation. (3) Electron beam irradiation may have assisted the decomposition of O 2 into atomic oxygen, and thus enhanced oxidation [23, 33, 34] . The high-energy electrons directly induced the ionization and disassociation of molecular oxygen in the microscope column and on the NP surfaces. This may have activated the oxidation of the on-surface graphite layer, then the Co NP.
To summary, the parabolic oxidation behavior of Co NPs under electron beam irradiation was studied using in situ ETEM. The microstructure evolution and oxidation dynamics were investigated. Firstly, the oxidation of Co NPs formed CoO, then transformed to Co 3 O 4 . The outward diffusion of Co controlled the reactions, and induced vacancies within the oxide product. In addition to their role in imaging, the energetic electrons activated the oxidation directly. Higher electron beam intensities resulted in higher oxidation rates. These findings on the oxidation of Co NPs enhance our understanding on metal oxidation, and may further the use of Co NPs in their respective applications.
